Colonization of terrestrial ecosystems by the first land plants, and their subsequent expansion and diversification, were crucial for the life on the Earth. However, our understanding of these processes is still relatively poor. Recent intensification of studies on various plant organisms have identified the plant cell walls are those structures, which played a key role in adaptive processes during the evolution of land plants. Cell wall as a structure protecting protoplasts and showing a high structural plasticity was one of the primary subjects to changes, giving plants the new properties and capabilities, which undoubtedly contributed to the evolutionary success of land plants.
Introduction
Emergence of the land plants was one of the most important events in the history of life on the Earth, which happened about 480-470 million years ago [1] [2] [3] [4] [5] . It is generally accepted that land plants, including bryophytes and vascular plants, are a monophyletic group derived from ancient freshwater charophycean green algae (CGA) [1, 6, 7] . Their rapid expansion and diversification led to the changes in the atmosphere and soil composition, significantly affecting the development and evolution of all living organisms [8] [9] [10] .
Currently, the vascular plants are a dominant group in terrestrial ecosystems, showing great diversity of structural and physiological adaptations [11] . The cell walls and their modifications undoubtedly played a key role in that evolutionary success. As a structure protecting the protoplasts and responding to extracellular conditions it contributed significantly to the plant adaptation to different environments, which changed during million years of evolution [6] [7] [8] . As a consequence, the plant cell walls are extremely variable in their structure, composition and ongoing metabolic processes, depending on the plant phylogenetic position, developmental stage, cell type, or even the region within a single cell [12] . Regardless of this diversity, the essential components of the cell walls are carbohydrates. Cellulose is usually a major structural element forming supporting rigid network, while other polysaccharides, glycoproteins, enzymes and phenolic compounds form a matrix, in which this network is immersed [11, [13] [14] [15] [16] . Due to such a composition the cell wall is a tensegral structure, in which tensile and compressive forces are balanced giving its exceptional strength while maintaining the flexibility. Relatively well understood are the structure and the composition of the cell walls in seed plants, whereas in evolutionarily less advanced plant groups this knowledge is rather scarce. However in recent decades, the representatives of these plant groups have become the subject of exhaustive studies, in appreciation of their significance for understanding the origin of land plants, the mechanisms responsible for their radiation and the relationships between structure and function of various cell walls.
In this review, the main focus is on the polysaccharide components of the cell wall and on lignin, in the context of evolutionary changes (Tab. 1) associated with their significance for the land plant emergence and diversification. The origin of the cell walls of land plants
Polysaccharide-rich cell wall, in addition to the acquisition by eukaryotes the ability to conduct the photosynthesis, was a key innovation in plant development and evolution. It is suggested that both these events are the outcome of primary endosymbiosis [12, 17] , when a cyanobacteria penetrated the host cell, giving rise to the common ancestor of the Archaeplastida group [18] , which includes glaucophytes, red and green algae, and land plants [19] [20] [21] . Although cyanobacteria cell walls are composed of peptidoglycan and differ from the polysaccharide-rich plant cell walls, it is hypothesized that endosymbiont genes, involved in carbohydrates biosynthesis, due to horizontal gene transfer, provided the molecular background for the cell wall formation in the land plant lineage [22] .
New potentials achieved due to the primary endosymbiosis were later tested by the algae of Archaeplastida group in order to better protect sensitive protoplasts, resulting in high diversity of cell wall structures and compositions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . It seems that some of the new solutions gained became the pivotal point for terrestrialization, although most of the compounds and structural diversity of cell wall in extant terrestrial plants were established later, as innovations associated with their adaptive radiation and diversification [11] .
Cellulose -the main component of plant cell wall
The fundamental component of the plant cell walls is cellulose, which is deposited outside the plasma membrane in the form of microfibrils, forming the extracellular network. This polysaccharide is synthesized by the complexes of membrane proteins called cellulose synthase, also named terminal complexes (TCs), which include catalytic subunits encoded by the CesA family genes [24] [25] [26] . In seed plants, TCs form hetero-oligomeric rosettes, supposedly consist of 36 catalytic subunits that synthesize 36 cellulose chains forming a single microfibril [27] , although recent studies suggest that plant microfibril can contain only 18-24 cellulose chains [28] .
Genes of the CesA family are supposed to be of the ancient cyanobacteria origin [17, 26, 29, 30] . Results of the phylogenetic analyses showed that in CGA the CesA was a single gene, whereas already in basal land plants CesA formed a single monophyletic group of genes. Following, due to the duplication and diversification events, many different CesA subfamilies have evolved in the vascular plants before the divergence of ferns [24, 26] . The functions of CesA genes were conserved during the evolution, from the cyanobacterial endosymbiont, by algae ancestors of land plants, to extant groups of Tracheophyta [26, 31] , indicating the significance of cellulose for development and functioning of all plants.
Despite the ability of diverse plant organisms to synthesize cellulose, only one lineage colonized the land. In the ancestors of this lineage (CGA), for further successful terrestrialization seems to be crucial the structural change, which occurred in the terminal complexes. In CGA and all land plants the terminal complexes have a rosette shape [32] . In addition, the CesA in these TCs show high amino acid similarity and the presence of highly conserved domains [32] .
In contrast, more ancestral chlorophycean green algae possess the linear, ancestral type of TCs [33] . This strongly suggests that the rosette complex was formed in CGA, as direct ancestors of land plants [32] . The reorganization of the TC structure from linear to rosette was possibly one of the evolutionary innovations which enabled the expansion to the terrestrial habitats but how this structural change has happened still remains unknown. As the domains that characterize the CesA family of seed plants, evolved before the emergence of land plants and were conserved from CGA to angiosperms, it is assumed that they play a pivotal role in maintaining the structure of the rosette complexes [32] .
During evolution, CesA genes encoding the catalytic subunits of TCs were subjected to specialization [26] , which in seed plants had occurred at least at two levels: first -specialization of entire complexes to cellulose biosynthesis for primary and secondary walls; second -diversification of CesA catalytic subunits within a single rosette and formation of hetero-oligomeric complexes [34] . The sequence of specialization events is a crucial aspect necessary for understanding the evolution of cellulose biosynthesis. A recent study on seed plants and a representative of mosses Physcomitrella patens, showed specialization of entire complexes in both these groups [32, 35] . In seed plants, terminal complexes are specialized to form cellulose of primary and secondary cell walls, whereas in P. patens to deposit cellulose during apical and diffusive growth. Phylogenetic analyses showed that CesAs in P. patens and in seed plants are not orthologs. Thus, specialization of entire terminal complexes in these two groups had to occur independently. Their common ancestor had only one CesA gene, and unspecialized homo-oligomeric complexes, but these already forming the rosette structure of TCs. Therefore, functional specialization of entire terminal complexes occurred after the formation of rosettes [31] . Complexes specialized to produce primary and secondary walls evolved to hetero-oligomeric TCs due to the diversification of CesAs [31, 34, [36] [37] [38] [39] . This second specialization event took place probably after the divergence of lycophytes, in a common ancestor of ferns and seed plants.
CesA genes, already in ferns, form many subfamilies, which contain genes orthologous to that of extant seed plants, including orthologs of AtCesA4, AtCesA7 and AtCesA8, involved in secondary cell wall formation in Arabidopsis [26, 40] . The emergence of hetero-oligomeric complexes in a common ancestor of seed plants [27] suggests their importance for the origin and diversification of this group of plants and for functional specialization at the cellular and tissue level.
Polysaccharide components of the cell wall matrix
The cell wall matrix is composed of different compounds, which determine cell wall properties [41] . In extant seed plants, significant differences in the matrix composition became the reason for the cell walls classification to two types [15] . Type I cell wall occurs in dicots, non-commelinoid monocots and in gymnosperms, and consists of cellulose microfibrils surrounded by the xyloglucan (XyG), pectins and structural proteins. Type II cell wall is characteristic only of commelinoid monocots; it contains cellulose fibrils coated with glucuronoarabinoxylan (GAX), very low concentrations of pectins and structural proteins, and also high level of hydroxycinnamic acids [42] .
Hemicelluloses -cellulose-binding glycans
Hemicelluloses are especially important matrix components of the cell wall. Due to their complex structure and composition, which are specific for the taxonomic groups of plants, tissues, cells and layers of the wall, they are considered as the most diverse and variable components of the cell walls. According to the current models, they form connections between cellulose microfibrils and are a subject of various modifications affecting the properties of the cell walls [11, 12, 22, 43, 44] . In extant seed plants, the most important for the cell walls functioning are mannans, xyloglucans, (1→3),(1→4)-β-D-glucans (mixed-linkage glucans; MLG) and xylans [45] . These hemicelluloses were probably involved in the evolution of land plants affecting their adaptive abilities, beneficial during colonization of new habitats, as well as contributing to taxa diversification and functional specialization of the cells [17, 41, 46, 47] .
MANNANS. Mannans are present in all land plants and probably were one of the first hemicelluloses to appear. Large amounts of mannan are found in the cell walls of all CGA and basal land plants [48] [49] [50] . However, in angiosperms mannans are much less common, suggesting that during the evolution of terrestrial plants, in parallel to increasing diversity and abundance of hemicelluloses, there was a tendency to reduce mannan level [49] . Mannans are present in all green algae and only in some red algae, which both however resulted from the same endosymbiotic events, but are not found in brown algae, differing in their origin. It is therefore speculated that the presence of mannans is responsible for the green algae diversity and evolutionary success [22] .
Mannans can be of pure or more structurally complicated form, with a wide range of physicochemical properties, and therefore complex functions, which are poorly understood [51] . In some algae, mannans occur in crystalline form [52] , forming mannan microfibrils, which replace the cellulose skeleton as the main structural component of the cell wall [53] . Mannans can be also enabling the formation of polysaccharide network by linking cellulose microfibrils [54] . In primary cell walls of seed plants, however, xyloglucan takes over this function as binding glycan, causing probably a decrease in mannans amount [55] . However, mannans structural role is still preserved in the secondary cell walls.
XYLOGLUCANS. Xyloglucan (XyG) is the dominant hemicellulose in primary cell walls of all seed plants [56] , with the exception of commelinoid monocots, where the main hemicellulose is glucuronoarabinoxylan [15, 42] . Since the presence of xyloglucan seems to be limited to land plants (embryophytes) it is believed that XyG may constitute an important evolutionary innovation [11] . It cannot be ruled out that this polysaccharide was present already in the CGA ancestors of land plants, however, the experimental results on xyloglucan detection in Chara are disputable [22, 46, 57] .
The structural and biochemical analyses of XyGs revealed differences in their side chains and fucosylated subunit in different groups of plants [58] [59] [60] . Most vascular plants and hornworts produce the structurally homologous XXXG xyloglucan type, with the conservative pattern of branching and fucosylated subunit, although Poales and Solanales have low-fucose xyloglucan [59] . In non-seeds plants the xyloglucan structure exhibits greater variety. For example, basal bryophytes have a XXGGG-and XXGG xyloglucans containing β-D-galactosyluronic acid and branched xylose residues [58] , while Equisetum and Selaginella have xyloglucan containing α-L-arabionopyranose in place of many of the β-D-galactopyranose residues [39,58] (Tuomivaara et al. [61] xyloglucan oligosaccharide nomenclature). The presence of XXXG xyloglucan in only one bryophyte group -hornworts and in tracheophytes proves their sister relationship [58] . In addition, it suggests that this form of xyloglucan evolved in the direct ancestor of all vascular plants and therefore could be important for Tracheophyta emergence.
Commelinoid monocots, which include grasses, are the only group of angiosperms with small amount or even lack of xyloglucan. Instead they have the type II cell wall and glucuronoarabinoxylan as the dominating hemicellulose in their primary walls [15, 62] . It is supposed that the formation of the type II cell wall in commelinoids has been a relatively recent event in plant evolution, related to some changes in the strategy of survival and adaptation to new habitats [63] . Such simultaneous rapid and extensive changes in the cell wall composition only in one group of plants and in relatively short time, leading to the type II cell wall formation, are difficult to explain. Furthermore, the major components and structure of the cell walls were rather conserved in seed plant evolution. It is speculated that even so complex changes could result from a small modification of one component, forcing other elements to adjust. This hypothesis can be supported by the experiments, showing that a small change in the chemistry of cell walls can drastically affect their structure and functioning due to the mutual relationship between the individual components [17] .
MIXED LINKAGE GLUCANS. Cell walls of grasses (Poaceae), belonging to commelinoids, contain a rare hemicellulose called mixed-linkage glucan (MLG), which for a long time was believed to be unique for these plants [42, 62, 64] . However, with development of chemical, molecular and bioinformatic methods for cell wall analysis, it became evident that MLG is much more common in the plant kingdom than previously considered [64] . The most surprising was however the discovery of mixed glucan in horsetail Equisetum arvense [47, 65] and Selaginella moellendorffii since Poaceae diverged several millions years after these plants [40, 66] . These results were obtained by few independent research teams, with the use of different experimental approaches: detection of anti-MLG antibodies, as well as by biochemical analyzes [40, 47, 65] . Interestingly, that MLG was found in CGA and polysaccharide similar to MLG in algae Ulva lactuca and Ulva rigida belonging to Chlorophyta lineage [46] . The occurrence of MLG in so many different and evolutionary distant groups of plants is difficult to explain. It is suggested that the MLG presence might be related to the silica accumulations in the cell walls [22, 47] . Poales and horsetails produce MLG and synthesize abundance of silica [67] . However, this hypothesis requires further research.
XYLANS. Xylans are ubiquitous hemicelluloses of vascular plants [68] , present mainly in their secondary cell walls [69, 70] . Therefore, it was suggested that the acquisition of xylan synthesis capabilities could have been an evolutionary innovation of this group of plants [49, 68] . However, xylans were also found in hornworts [68] , mosses [48] , CGA [57], chlorophycean green algae and red algae [71] , suggesting that they are much more common. Nevertheless, it is still not known whether xylans present in these species are structurally similar to those of vascular plants [70] . Xylans have the (1→3) or (1→4) glycosidic linkages [72] . Some red algae, including relatively basal Bangia fuscopurpurea, have only (1→3) glycosidic bonds in xylans, while more evolutionary advanced, as e.g. Palmaria palmata, probably contain both types, (1→3) and (1→4) glycosidic linkages in the same molecule [72, 73] . In contrast, more evolutionarily advanced CGA, including Charales, Coleochaetales and Zygnematales, as well as all land plants contain only (1,4)-ß-D-xylan in their cell walls [57, 68] . These findings suggest that CGA and terrestrial plants gained the ability of (1,4)-ß-D-xylan biosynthesis from red algae, in which diverse xylan biosynthetic pathways were present [72] .
The origins of the secondary cell walls with xylans, as main hemicelluloses, are not fully elucidated. Nevertheless, their evolution was probably an important preadaptive feature of vascular plants, that enabled the emergence of conducting and mechanical tissues, which allowed the plants to accelerate their growth and increase the biomass production [11, 49, 68] .
Hemicellulose biosynthesis
Matrix polysaccharides are encoded by CesA-like Csl genes that together with CesA form a superfamily CesA/Csl [74] . In seed plants nine Csl gene groups are known [26] . According to recent phylogenetic studies, Csls derived from two ancestral genes, gained due to the primary endosymbiotic event [26] . The first of them -ancestral Csl, was the precursor of CslA/C/K families, while the second one -ancestral CesA, gave rise to both extant CesAs and to the remaining Csl families [26] . Csl genes are present in all land plant lineage genomes [75] , and their diversification led to the evolution of hemicelluloses and diversity of terrestrial plants [12] .
It is believed that duplication of the first ancestral Csl gene could have resulted in the separation of direct ancestors of monophyletic group of land plants -CGA from chlorophycean green algae [12] , and thus it could be a key event for successful expansion to the land. In CGA, probably as a result of subsequent duplication, ancestral Csl gene evolved to CslA and CslC genes [24] . In land plants, CslAs were reported as those involved in the mannan synthesis [76, 77] , while CslC in the xyloglucan synthesis [78] . Extant CGA contain mannans in their cell walls, but are devoid of the CslA genes, which were probably lost during evolution [26] . Therefore, the question remains unresolved, which genes in these organisms are responsible for the mannan synthesis. Mannans are present also in cell walls of chlorophycean green algae, where the ancestral Csl is probably responsible for their biosynthesis [24] . It is therefore likely that because the CslA gene was lost, its function in CGA is executed by CslC, especially that xyloglucan, which is synthesized in seed plants by CslC, was not found in CGA [12] . Alternatively, in the synthesis of mannans in CGA, the CslD gene can be involved, which derived from a second ancestral geneCesA [26] . The exact role of CslD in CGA is not specified, but recent studies suggest that in seed plants CslD can be responsible for glucomannan synthesis [45, 79, 80] . Both these alternative assumptions indicate that in CGA, the ability to synthesis of mannans was emerged independently of CslA and is a result of convergent evolution.
CGA were the first group of plants, in which the CslC gene appeared and it is considered to be involved in the xyloglucan biosynthesis in seed plants [78] . Xyloglucan is crucial for the cell wall expansion [41], thus it is necessary for the plant growth and for the increase of plant size, which was an important tendency during land plant evolution. Because the presence of xyloglucan in CGA has not been clearly confirmed so far, it seems likely that in these algae, acquisition of CslC gene could be an important preadaptive innovation for further land expansion.
Duplication and diversification of the second ancestral gene -CesA, probably resulted in two genes, one of which was the last common ancestor of CesA/CslD/F group and the second one of CslB/H/E/J/G group [26] . The ancestor of the first group subsequently duplicated and diverged to the CesA and CslD clades. Both of these genes appeared in CGA and were highly conserved during the evolution of land plants, indicating that their divergence could have been another important preadaptation to the life on the land, and that it can play a pivotal role in terrestrialization. Interestingly, probably as a result of next, relatively recent CslD duplication and further rapid divergence and diversification, a CslF gene family emerged [26] . Genes of this family are present only in some Poales [81] .
The diversification of the ancestor gene for the second CslB/H/E/J/G group happened before the evolution of ferns. For this reason, it is believed that these genes are important not as much for the origin of land plants as rather for their radiation and diversification [26] . Interestingly, gymnosperms have no obvious homologues or orthologs of this gene group but have genes relatively basal to CslE/G and CslB/H, which are specific to gymnosperms. Because in ferns, which are phylogenetically older than gymnosperms, the CslB/H/E/J/G group of genes is present, it is postulated that gymnosperms lost these genes during evolution, although it is still not clear how [26] . Alternatively, it is suggested that gymnosperms have a lower rate of substitution in their genome and therefore a lower rate of evolution [82] .
The function of the CesA/CslD/F and CslB/H/E/J/G group of genes remains largely unclear [26] . However, CslF, CslH and CslJ were shown to be involved in the biosynthesis of MLG [74, [81] [82] [83] [84] . These three gene families occur in Poales, which synthesize MLG. The CslF gene is unique for this taxon, while two other families (CslH and CslJ) are also present in other groups of vascular plants [26] , where MLG is not found. Therefore, it is possible that these genes may have some additional functions. Because in recent years, the presence of MLG was reported also for plant groups different than Poales, including some liverworts, Selaginella [2, 40] , horsetails [47, 65, 85, 86] and CGA [57] , it seems that the evolution of MLG biosynthesis is more complicated. In CGA, the presence of two Csl genes was noted: CslC and CslD, which exact functions have not been determined yet, but theoretically they may be responsible for the MLG synthesis. The CslD gene is the ancestor of the CslF family, which encodes known MLG synthases in grasses [26] , therefore CslD are likely to perform this function in CGA. The other possibility is that MLG in CGA is synthesized by a different, convergent biosynthetic pathway comparing to grasses, which can be independent of Csls [11] . The presence of MLG in other phylogenetically distant organisms [12] , which emerged before the divergence of known MLG synthases: CslF, CslH, CslJ, is an additional support for the hypothesis of multiple origins of this polymer [85] .
Lack of conservation of MLG synthesis during evolution, and the relatively rare occurrence of this polysaccharide in different groups of plants, indicates that although the MLG biosynthetic pathway existed in a direct algal ancestor of land plants, the presence of this glucan was not necessary for terrestrialization. It seems more likely, that the MLG biosynthesis have a specific, not fully understood yet, significance for adaptation to certain environmental conditions or to specific functions [12] . In addition, not only the biosynthetic pathway, but also the MLG function could have changed during evolution and differ between ancient CGA, horsetails and most modern monocots -Poales.
Many hemicelluloses of the cell walls of land plants are synthesized by Csls [24] , but so far there is no evidence for their contribution to the xylan biosynthesis [87] . Possibly, the xylan biosynthesis can be carried out by a pathway independent of Csl, involving other glycosyltransferases (GTs). Recent studies show that in the biosynthesis of the xylan backbone are involved mainly IRX10/IRX10L [88] [89] [90] , belonging to the glycosyltransferases family 47 (GT47), which have the xylan xylosyltransferase activity and can function together with other proteins, such as IRX9/IRX9L, IRX14/IRX14L [58, 69, 89, [91] [92] [93] belonging to the GT43 family. Phylogenetic analyzes have shown that both Selaginella and Physcomitrella have orthologs of IRX10, as well as IRX14/IRX14L and IRX9L, suggesting that the mechanism of 1,4-ß-D-xylan biosynthesis could be conserved in evolution. Interestingly, Ostreococcus (the smallest known eukaryote) contains several genes of GT43 families, which are known as those involved in the synthesis of 1,4-ß-D-xylan [91, 94, 95] . It is therefore possible, that the process of 1,4-ß-D-xylan biosynthesis preceded the evolution of land plant lineage [22] .
Hemicelluloses rearrangement in cell wall
In the land plant lineage, changes in the hemicelluloses composition are associated with the alterations of their metabolism. Particularly important for the terrestrial plants evolution seems to be the mechanisms, that modifies the cell wall structure enabling its expansion what in turn increase the overall plant size. Experimental studies on seed plants showed that in the cell wall expansion xyloglucan endotransglycosylases/hydrolases (XTH) are involved, for which the xyloglucan is a substrate [96, 97] . XTH belong to the group of glycoside hydrolases GH16, and have two different enzymatic activities: the activity of xyloglucan endohydrolase (XEH), which enables the hydrolysis of xyloglucan backbone, and the activity of xyloglucan endotransglycosylase (XET), resulting in the interpolymer grafting between two xyloglucan molecules [98] . Structural and phylogenetic analyses showed that XEH evolved secondarily with XET being the ancestral one [99] .
The XET activity is necessary for the cell wall expansion, when the sliding of cellulose microfibrils occur due to the relaxation of an integral cellulose-xyloglucan network [41] . XTHs cut and try to connect the associated xyloglucans with other available xyloglucans (XET activity), causing a reorganization of the cell wall, which enabling its growth [41] . XTH and xyloglucan are present in all land plants and the XET activity was shown to be significantly correlated with the intensively growing cells and/or tissues [8, 100] . Interestingly, in CGA, the algal ancestors of land plants, despite the absence of confirmed xyloglucan, the presence of XET activity was detected [41] . This means, that XTH probably emerged in the evolution before its known substrate -xyloglucan. It is assumed that the ancestral XTH had lower substrate specificity and therefore initially was able to act on other hemicelluloses [100] . Because phylogenetic and structural relations between XTHs, xylan endohydrolases and (1,3-1,4)-ß-D-endoglucanases [41,101] have been showed in many studies, it seems likely that xylans [101] or MLGs [41] can be the substrates for ancestral XET/XTH. In light of these assumptions, results of the research on Ulva linza, belonging to chlorophycean algae, which is more evolutionarily distant from terrestrial plants than CGA, are extremely interesting. In this species, the cell wall has cellulose microfibrils associated with polysaccharides similar to XyG [102] , which have mixed bonds resembling MLG (mixed-linkage xyloglucan-like polysaccharide) [46, 103] . Possibility, that this polysaccharide had a common ancestor with MLG and xyloglucan from the land plants lineage, is intriguing. The most interesting however is the XET activity found in this species [104] . The polysaccharide with mixed features of XyG and MLG is a putative substrate for this XET activity in Ulva. It is also a substrate for (1,3-1,4)-ß-D-glucan endohydrolases, what confirms the evolutionary relationships between XTHs and (1,3-1,4)-ß-D-glucan endohydrolases [41] . An additional confirmation of these associations is the recent discovery in Populus trichocarpa of the unique endohydrolases with the broad substrate specificity, able to cleave different linear glucans such as MLGs, cello-oligosaccharides and highly branched oligo-and polysaccharides of xyloglucan. These hydrolases have features of both XTH and (1,3-1,4)-β-Dglucan endohydrolases [105] ).
Many studies showed that XTH enzyme and hemicelluloses changed in order to adjust the XET activity and its substrate for the optimal growth of cell walls. The ultimate result, a XTH/xyloglucan system, was probably a key event for successful expansion to the land, as confirmed by the fact that during further evolution and diversification of land plants, this system was highly conserved [41, 101] .
In this context, extremely puzzling seems to be the possibility that the XTH/xyloglucan system lost its importance in commelinoid monocots, where the XET activity lost its strong substrate specificity [101] . In this group of plants, xyloglucan is present only in a small amount, what is surprising regarding the great abundance of XTH genes and the high level of XET activity. Recent studies indicate that the substrates for XET activity in these plants may be not only xyloglucans, but also dominating in their cell walls glucuronoarabinoxylan and/or MLG [101] .
In green algae and horsetails, which contain MLG, another transglycosylation activity the MXE (MLG: xyloglucan endotransglycosylase) has recently been found, which is responsible for the graft of MLG to xyloglucan [106] . This activity is distinct from the XET activity. MXE localization in horsetails showed that, in contrast to the XET activity detected in young growing tissues, MXE is present only in mature organs, possibly reinforcing the cell walls in senescent tissues [106, 107] . In grasses, in which MLG is an abundant component of cell walls, the MXE activity is either absent or very low, and probably connected with XTH [108] , because the active MXE proteins were not found in these plants [107] . In seed plants that do not have MLG, both functions, i.e. the loosening as well as the strengthening of cell wall structure, seem to be conducted by XTHs [44, 96, 109] . Perhaps, XTHs perform the same functions in grasses, as in these plants the MXE proteins were not detected.
Many recent studies show, that many other endohydrolases occur in plants, which like XTH and MXE have the hydrolase and endotransglycosylase activities [39] . Relatively recent discovery provided information that among others, for example endo-β-mannanases belonging to the family 5 of glycoside hydrolases (GH5) have both of these activities [51] . Their activity as mannan endotranglycosylases was detected in many species of seed plants, and the first such an enzyme was isolated from the tomato fruit which was found to belong to the multigene family. For the genes encoding the endo-beta-mannanases having the hydrolase and transglycosylase activity the name MTH (mannan transglycosylase/hydrolase) was proposed [51] . Phylogenetic analysis of endo-β-mannanases showed that the plant MTHs are related with fungal, bacterial and animal enzymes, suggesting their ancient evolutionary origin. In contrast, the diversifications of MTHs have probably occurred already after the separation of the plants from the other groups of organisms [92] .
Another group of recently discovered and still poorly known enzymes, which possess hydrolase and endotransglycosylase activity are endo-β-1,4-xylanases, belonging to the family 10 of glycoside hydrolases (GH10). The xylan endotransglycosylation activity was found in both, the primary cell walls of the many seeds plants and representatives of basal land plants [39] , as well as in the secondary walls of poplar [95] . Endo-β-1,4-xylanases probably are involved in the modification of the xylan in primary and secondary cell walls. Their exact function had not been explained yet, although recent studies have shown that in the secondary wood they are likely to be responsible for the releases tension in the secondary cell walls [95] . Because xylan endotransglycosylation activity is a relatively recent discovery, currently little is known about its emergence in the evolutionary aspect.
Pectins -important polysaccharides of the primary cell wall
Pectins are acidic polysaccharides of primary cell walls of all land plants, where they play different functions. The most important seems to be the regulation of cell adhesion [110, 111] , which is essential for the development and functioning of multicellular organisms, as land plants. Pectins participate also in the apical and diffusive growth of cells [112] , are involved in the defense response against pathogens [113] and regulate the cell wall strengthening [114] . In seed plants, three main groups of pectins are distinguished: homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) [113] . Sometimes, as the fourth separate group, the xylogalacturonans (XGA) are also given [112, 115] .
Pectins are abundant already in CGA, occurring even in single-celled ones, as Penium margaritaceum [49, 112] . The presence of pectin in the ancestors of land plants suggests they importance for the expansion of land or at least for the development of first non-vascular land plants, which contain much more pectins than more evolutionarily advanced vascular plants. In the latter, the amount of pectins, in relation to the bryophytes, is markedly reduced [49] , but they still remain one of the major components of the cell wall, essential for the proper cell wall functioning. Pectic polysaccharides, as components of cell walls, are generally conserved during the evolution of land plants, although minor structural differences in the side chains occur.
The main pectic component of the cell wall of land plants is HG, which may be also the polysaccharide backbone for branched pectin types, such as XGA and RG-II [112] . HG is an important structural component of the primary cell walls, since the pair of HG molecules interconnected by Ca 2+ bridges stiffens the walls [114] . Homogalacturonan seems to be the primary pectin, because it occurs not only in land plants, but also in CGA [11, 116, 117] , where as in embryophytes it may be bridged by calcium. In addition, the distribution of HG epitopes with different degree of esterification with methanol suggests, that in tested algae species, similarly to embryophytes, methyl-esterification is associated with processes of cell growth and differentiation [46, 117, 118] .
RG-Is are pectins widely conserved in land plants and present only in some more evolutionary advanced charophycean green algae [57] , suggesting that they originated later than HG. Their branched structure enables modifications of the side chains, resulting in the structural diversity of this group of pectins [113] .
RG-II molecules can be cross-linked through the boron ester bonds between the side chains [119] . Reduced ability to form the RG-II dimmers leads to dwarfism, indicating the importance of RG-II cross-linking for plant growth [120] . RG-II occurs almost exclusively in vascular plants [49, 121, 122] . In bryophytes, if found it occurs in a very small amount [122] . The RGII level in the cell walls appears to increase with the ongoing evolution of vascular plants, and this trend is likely to correlate with an increase in upward growth and the ability to form lignified secondary cell walls [122] . Therefore, RG II is considered to be an evolutionary innovation of land plants, which enabled the development and expansion of vascular plants.
The RG-II structure is highly conserved [112, 123] , although some seed tracheophytes have RG-II where the L-rhamnose residue is replaced by 3-O-metylrhamnose [11] . Despite the fact that RG-II is characteristic of the terrestrial plants [112] , some rare sugar residues in RG-II, like 3-deoxy-D-manno-2-octulosonic acid (KDO) [124] , were also found in scales of prasinophycean algae [124, 125] . Furthermore, the sequence of CMP-KDO synthase, essential for the synthesis of KDO-containing polymers, was detected in both land plants and in gram-negative bacteria [126] . These results suggest that some sugar residues and some genes involved in the RG-II biosynthesis can be of more ancient origin than this polymer [12] .
Pectin metabolism
Many of pectin specific features and the evolution of genes responsible for their biosynthesis and modifications are not fully elucidated [112] ). The complicated structure and function of pectins require numerous genes, associated with their production and metabolism [115, 127] . Many of pectin related genes have already been identified [112] , but in most cases their exact function is not clear. Recent research on P. patens, as a species representing the early stage of the transition from water to land, have provided new data on the evolution of pectin metabolism and its importance for the development of land plants [112] . It has been found that five of the 16 analyzed pectin related gene families (homogalacturonan galacturonosyltransferases, polygalacturonases, pectin methylesterases, homogalacturonan methyltransferases, and pectate lyase-like proteins), form a multigene family already in the early terrestrial plants. This indicates that the pectin related genes diversification, occurred probably before the development of land plants [112] . These genes are associated mainly with HG -the most primary pectin, and their early diversification suggests complex function of this polysaccharide before the expansion of land [128] . Seven different gene families (UDP-rhamnose synthases, UDP-glucuronic acid epimerases, homogalacturonan galacturonosyltransferase-like proteins, β-1,4-galactan and β-1,4-galactosyltransferases, rhamnogalacturonan II xylosyltransferases, and pectin acetylesterases) were shown to have a single member in the common ancestor of land plants, and their subsequent diversification suggests its relation to the land expansion [112] . The last four families of 16 analyzed genes (xylogalacturonan xylosyltransferase, rhamnogalacturonan I arabinosyltransferase, pectin methylesterase inhibitor, or polygalacturonase inhibitor protein families) were not detected in P. patens [112] . These genes probably have emerged in the evolution later and therefore they could not be relevant for the early stages of the land colonization. They could have however contributed to the diversification of land plants, or more likely to cell specialization. This is indicated by the fact that the XGA (pectin) as well as XGA xylosyltransferase, responsible for its biosynthesis, are not present in P. patens [48] , while in evolutionarily younger taxa they have a distinct, tissue-specific location.
Lignin -phenol component important for terrestrialization
The key evolutionary innovation that enabled the development of vascular plants that currently dominate in the terrestrial environment was the ability to produce lignified cell walls [8, 129, 130] . During land colonization, plants were exposed to various stresses, associated with the changes in the environment, such as UV radiation, mechanical stress, drying, and also to the co-evolution of herbivores and pathogens [131] . Lignin and the cell metabolism associated with lignin production were important adaptive factors, which helped to overcome most of these problems and resulted in the rapid development and evolutionary success of land plants. The first land plants that did not form lignin yet, had the primitive phenylpropanoids metabolism, which allowed them to accumulate simple phenylpropanoids, playing a role in the protection from UV radiation. The cell wall lignification, which appeared later in the evolution, gave plants the mechanical strength enabling the vertical growth, thereby improving access to the light and efficient photosynthesis, which in turn led to a significant increase in the plant body size [132] . Lignin, through strengthening the water-conducting cells, contributed to the formation of the efficient long-distance conducting system [12, 133] . Furthermore, lignin is one of the most difficult to degrade biopolymers, so that it constitutes an effective protection against pathogens and herbivores, which have been evolving together with vascular plants [134, 135] .
Lignin is a three-dimensional phenolic hetero-polymer which by crosslinking the cellulose and hemicellulose impregnates cell walls [15, 109, 136 ] to provide them with mechanical strength [137] . It is polymerized by oxidative coupling mainly of three p-hydroxycinnamyl alcohols as a result of enzymatic reaction catalyzed by laccases and class III of plant peroxidases [138] [139] [140] [141] . As a result, hydrophobic heteropolymers are produced, consisting of H (p-hydroxyphenyl), G (guaiacyl) and S (syringyl) subunits originating from p-coumaryl, coniferyl and sinapyl alcohols, respectively [141, 142] .
Lignins are present in all Tracheophyta. However, the different groups of extant vascular plants differ in the composition and arrangement of lignin monomers, deposited in their cell walls [132] . In addition, various cell types may also differ in lignin composition. In most gymnosperm plants studied, lignins are typically composed of G subunits with a small amount of H subunits. In angiosperms, besides G and H subunits, additionally a large ratio of S lignin monomers is present [143, 144] , that were previously regarded as the evolutionary innovation in this group of plants. However, the presence of S lignin was reported also in representatives of other Tracheophyta groups, like all living gnetophytes, some lycophytes, ferns and gymnosperms [141] . The presence of S lignin in so phylogenetically distant groups of plants, and sometimes only in some species within them, can hypothetically be explained by the loss of the ability of S lignin biosynthesis in some taxa or as the example of convergent biosynthetic pathways [132] . Biochemical studies indicate the latter possibility, arguing that the S lignin biosynthetic pathways differ in various groups of plants [145] . Interestingly even more complex composition of lignin is present in grasses [142] , because besides of the G, S, and H subunits of the p-hydroxycinnamyl alcohol they contain additionally a significant amount of ester related subunits of p-coumaric acids [141] .
Lignin is considered as the characteristic feature of tracheophytes, although there are some early and highly controversial studies [146] , reporting the presence of lignin or compounds similar to lignin, in non-vascular plants such as brown algae, charophycean green algae and mosses [147] [148] [149] . The presence of lignin in brown algae and green algae has never been confirmed though. Despite the recent detection of epitopes associated with lignin in Nitella [150] , charophycean green algae, now it is assumed that true lignin is not present in CGA [151] . However, the presence of these epitopes indicates that the primitive form of phenylpropanoids metabolism may already occur in chlorophycean, before the colonization of land by plants [132] . Epitopes associated with lignin were also detected in certain mosses, including Sphagnum cuspidatum, where the intensity of the fluorescent labeling of antibodies is similar to the control tracheophytes [150] . Bryophytes have already been known as those producing the phenylpropanoid compounds associated with precursors of lignin [49] , but the presence of the true lignin in mosses is still rather controversial. Contemporary results obtained for mosses suggest, however, that the ability to transport and accumulate polymerized phenolic compounds in the cell walls could evolve even in non-vascular terrestrial plants. These phenolic compounds, which in some cases are similar to the true lignin, can exist as polyphenols associated with the cell wall [132] .
In light of these assumptions the recent finding of the secondary wall and lignin in red algae Calliarthron cheilosporioides was very surprising, because the last common ancestor of red algae and land plants is dated for more than 1.3 billion years ago [152] . Moreover, lignins present in Calliarthron are highly specialized, as they have all three G, H and S subunits and a composition typical of angiosperms [152] . The homology of all three types of lignin monomers in Calliarthron and vascular plants could indicate their deeply conserved evolution, what is difficult to imagine given the phylogenetic distance between these groups and more than a billion years of independent evolution. More likely, the presence of lignin in Calliarthron could be explained by the convergent evolution [152] . Such convergent evolution of S lignin biosynthesis probably occurred in the case of lycopods and angiosperms [22] , as S lignins in these two groups are not homologous and they are synthesized by distinctly different biosynthetic pathways [132, 145] . However, in the case of Calliarthron, where all three types of lignin can be found in the cell wall, convergent evolution would imply the simultaneous evolution of all lignin biosynthetic pathways, which seems unlikely. Therefore, it is not determined yet whether the presence of lignin in Callianthron is a result of inheritance or convergent evolution [12] .
Lignin biosynthesis
Lignin is synthesized in two main steps: monoligol biosynthesis and their assembly in lignin polymers, and next their subsequent attachment to the hemicellulose and cellulose [151] . Peroxidases and laccases are enzymes considered as those involved in dimerization of monolignols and their incorporation to lignin, although these mechanisms are not fully elucidated [153] . Biochemical pathways of monolignols biosynthesis are highly conserved in vascular plants [151] .
Based on the recent analyses of genes involved in the lignin biosynthesis it has been suggested that at last two distinct turning points in their evolution existed [151] . The first one was probably the appearance of the complete lignin biosynthetic pathway, with all nine gene families involved in this process, in mosses. Furthermore, the sudden expansion in number of these gene families' members occurred in this group of plants [151] . These results indicate that mosses are not only the basal line of terrestrial plants, but also a key point in the evolution of tracheophytes [154] .
The second turning point for the lignin biosynthesis was the emergence of the F5H gene family, encoding P450 enzymes that convert G monolignol to S monolignol in angiosperms, increasing the number of different monomers and therefore increasing lignin diversity and complexity in the cell walls [155] . The F5H genes occurrence could lead to the formation of specialized cell phenotypes and morphological diversity in angiosperms [151] . However, reports on the S lignin presence in lycophytes and Ginkgo are contradictory to the assumption that F5H occurs exclusively in angiosperms. Furthermore, in a representative of lycophyte, Selaginella moellendorffii, a novel SmF5H gene was identified, that is involved in the S lignin biosynthesis [132, 145] . It has been shown that SmF5H has the phenylpropanoid 3-hydroxylase activity, the catalytic property absent in angiosperms, proving a difference in the strategy of S lignin biosynthesis in these two plant groups [132] . These results, as well as the phylogenetic analysis, suggest that SmF5H evolved independently of F5H in angiosperms, and probably comes from the independent radiation of P450 enzymes, unique to lycophytes [145] . This finding supports the hypothesis that the S lignin may has evolved many times in different lines of vascular plants [151] .
The expansion of most gene families, involved in lignin biosynthesis was correlated with the substrate diversity and occurred mostly already after the divergence of monocots and dicots [151] , significantly increasing the diversity of cell walls. This somehow correlates with the mechanisms of defense against pathogens [151] , because more varied and unpredictable lignin structure in the cell walls increases the chance of protection against its degradation.
Conclusions
The cell wall of the extant land plants is a structure with very diverse and complex composition. Although it is still not clear, whether the changes in the cell walls were the primary factors enabling adaptation to the changing environmental conditions or they were a secondary effect of the adaptation to new habitats, undoubtedly changes in the chemistry of the cell wall accompanied the main steps in the evolution of land [156] . Entirely new possibilities opened up, causing the acceleration of the evolution, and contributing to a multi-level diversification among extant land plants. One of the first key innovations was indisputably the emergence of polysaccharide-rich cell walls. Subsequent evolutionary events, such as e.g. the emergence of multicellularity and the cell elongation mechanism, terrestrialization process, vascularization and lignification, were closely related to changes in these polysaccharide-rich cell walls.
Currently there are several projects aimed at understanding the evolution of a variety of cell walls, including the ancestral groups of plants, which deliver new and surprising discoveries verifying various hypotheses concerning the cell wall evolution. However, the full explanation, how plant cell walls originated and how they changed during the evolution of extant land plants, or how specialization of cells and cellular systems have arisen to perform certain functions, are still ahead of us. 
